The mechanism of the reaction of olefins and hydrogen with dimetallenes ArMMAr (Ar = aromatic group; M = Al or Ga) was studied by density functional theory calculations and experimental methods. The digallenes, for which the most experimental data are available, are extensively dissociated to gallanediyl monomers :GaAr in hydrocarbon solution, but we found that they do not react as the more open dissociated species. Instead, the calculations and experimental data show that they react with simple olefins such as ethylene as intact ArGaGaAr dimers via two stepwise [2 + 2] cycloadditions due to their considerably lower activation barriers vis-à-vis the gallanediyl monomers, :GaAr. This mechanism was preferred over the [2 + 2] cycloaddition of ethylene to a monomeric :GaAr to form a gallacyclopropane ring which could in principle then dimerize to form the 1,2-digallacyclobutane intermediate and, subsequently, the 1,4-digallacyclohexane product. In addition, calculations show that the addition of H2 to digallene proceeds by a different mechanism involving the initial addition of one equivalent of H2 to form a 1,2-dihydride intermediate. This reacts with a second equivalent of H2, to give two ArGaH2 fragments which recombine to give the observed product with terminal and bridging H-atoms, Ar(H)Ga(-H)2Ga(H)Ar.
INTRODUCTION
The activation of hydrogen and other small molecules by main group compounds under ambient conditions is currently an area of burgeoning interest. In 2005 we reported the activation of hydrogen by a heavy group 14 element alkyne analogue, digermyne, under ambient conditions. 1 This was followed shortly thereafter by the advent of frustrated Lewis pair chemistry of Stephan, in which hydrogen activation also proceeds under ambient conditions.
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The activation of hydrogen by Bertrand's cyclic alkylaminocarbenes 3 and this group's heavier group 14 element dimetallynes has also been reported. 4 Recently, a digermyne with a single Ge-Ge bond was found to activate hydrogen in the solid state by Jones and coworkers. 5 Numerous workers have reported computational insights into the mechanism of transition metal-free hydrogen activation. 6 Notably, a recent study by Schleyer, Wang, and coworkers examined in detail the mechanisms for the reaction of the group 14 alkyne analogues, digermyne and distannyne, with hydrogen by density functional theory (DFT), and concluded that different products were obtained as a result of the greater stability of the tin +2 oxidation state. 7 Our initial synthesis of a neutral heavy group 13 8 alkene analogue, Ar iPr 4 GaGaAr iPr 4 (Ar iPr 4 = C6H3-2,6-(C6H3-2,6-i Pr2)2), showed that the Ga-Ga bond distance was quite long (2.6268(7) Å). 9 Previous computational studies have elucidated the nature of the bonding in Ar iPr 4 GaGaAr iPr 4 , 10 and related group 13 metal species substituted by a variety of terphenyl and other ligands. 10, 11 The calculations showed that the Ga-Ga bonds are weak and their bond enthalpies did not exceed ca. 50 kJ mol -1 . These results were in agreement with electronic spectroscopy and cryoscopic measurements which showed that in hydrocarbon solution, dissociation to :GaAr iPr 4 monomers was extensive. 9, 10 By increasing the steric bulk of the terphenyl ligand, a monomeric gallium species :GaAr iPr 8 (Ar iPr 8 = C6H-2,6-(C6H2-2,4,6-i Pr3)2-3,5-i Pr2) could be isolated in the solid state and structurally characterized (Scheme 1).
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Scheme 1. Digallene dimer-monomer equilibrium.
In solution the gallanediyl monomer/digallene equilibrium mixture was shown to react readily and cleanly with hydrogen (and ammonia) under ambient conditions. 12 The presence of monomeric :GaAr as the major species in solution together with its lower steric crowding in comparison to its dimer ArGaGaAr strongly suggested that it could be intimately involved in the addition reaction of hydrogen owing to the lower degree of steric hindrance at the metal. Unlike the reactions of the analogous Group 14 heavy alkyne analogue of germanium 1 which gives a mixture of multiple addition products, the reaction of Ar iPr 4 GaGaAr iPr 4 with hydrogen gives a single product in which two bridging hydrides and a terminal hydride are found at each gallium (Scheme 2).
Scheme 2. Reaction of digallene with hydrogen.
Subsequent reactivity studies revealed that the digallene Ar iPr 4 GaGaAr iPr 4 also reacts instantaneously under ambient conditions with simple olefins (ethylene, propene, 1-hexene and styrene). 13 The product isolated from the reaction of these olefins contained a The morphologies of the key frontier orbitals involved in the formation of 1,2-digallacyclobutane intermediate indicate that its formation is facile, provided that the conformation of the digallene changes readily. As shown below, the energetic penalty from the cis-trans isomerization is more than compensated by the energy released in the formation of two new Ga-C sigma bonds, making the overall reaction exergonic.
Therefore, without significant steric bulk involved, this reaction can take place in a concerted manner and presumably even without an energy barrier. Figure 1 also shows that the addition of a second equivalent of olefin to the 1,2-digallacyclobutane intermediate is unlikely to be instantaneous as there is no straightforward way to make their frontier orbital symmetries match for a synergistic interaction. Calculations for the addition of olefins ethylene (a), propene (b), 1-hexene (c), and styrene (d) to a monomeric :GaAr (1) (Ar = C6H3-2,6-Me2) were carried out to further test the feasibility of the reaction pathway implicating the :GaAr iPr 8 monomer. For all olefins studied, the initial reaction on this pathway is calculated to be highly endergonic (G = 70 -90 kJ mo1 -1 ), 23 which implies that it is unlikely that gallacyclopropane intermediates are involved in the formation of 1,4-digallacyclohexane products. This is in harmony with experimental results that the gallacyclopropane product does not form under ambient conditions. In addition, it provides strong support, albeit indirect, for the stepwise cycloaddition pathway and indicates that the digallenes react as dimers with olefins (via 1,2-digallacyclobutane intermediates) rather than as monomers.
It is possible to argue that steric hindrance prevents the monomeric gallanediyl :GaAr iPr 8 from reacting with olefins, and thus we attempted a similar reaction with hydrogen. The interaction of a second equivalent of olefin with the 1,2-digallacyclobutane intermediate formally involves electron donation from the -type Ga-Ga bonding HOMO of 1,2-digallacyclobutane to the * LUMO of the olefin (see Figure 1) as the geometry of the transition state allows the phases of these orbitals to match perfectly. However, there is no apparent interaction between the -type Ga-Ga bonding LUMO of the digallacyclobutane and the -type C-C bonding HOMO of the olefin. This is in harmony with the modest elongation of the C=C and Ga-Ga bonds in the transition state structure in comparison to the free reactants. An internal reaction coordinate calculation confirmed that in each case the transition state connects to the substituted 1,4-digallacyclohexane product, which forms through reorganization of the orbital framework involving the C=C and Ga-Ga bonds to yield two new Ga-C interactions. In light of these theoretical data, a stepwise and concerted double [2 + 2] cycloaddition mechanism appears to be a plausible explanation for the observed reactivity of the digallene Ar iPr 4 GaGaAr iPr 4 with olefins.
Experimentally it was observed that with olefins other than ethylene, the substituents located on the six-membered ring in the 1,4-digallacyclohexane product are exclusively in a trans-orientation and at positions 2 and 5. 13 Furthermore, the 1,4-digallacyclohexane product was always found to adopt the chair conformation while the stereochemistry of the trans-substituents (either axial or equatorial) depends explicitly on the identity of the olefin. The [2 + 2 + 2] cycloaddition pathway offers a rationale for these findings because the stereochemistry of the product depends directly on the relative orientation of the second equivalent of olefin and the 1,2-digallacyclobutane intermediate in the transition state. The structure of the transition state (see Figure 3 ) supports the fact that substitution at the olefin is unlikely to involve the two carbon atoms that end up adjacent to the same gallium center in the final product (i.e. positions 2 and 6 in 1,4-digallacyclohexane) simply because of increased steric hindrance. However, the 2,5-disubstituted digallacyclohexane core has three possible regioisomers of which the transition states leading to axial-equatorial and equatorial-equatorial isomers involve the greatest and least steric hindrance, respectively. It is thus unsurprising that reactions involving smaller chain alkenes propene and 1-hexene yielded a mixture of both isomers in nearly equal amounts, whereas with styrene the extra space required to accommodate the phenyl ring led exclusively to the isomer with substituents in the equatorial positions.
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The effect of steric bulk on the [2+ 2 + 2] cycloaddition pathway. The initial step of the [2 + 2 + 2] cycloaddition pathway involves an attack of the olefin to the formal Ga=Ga double bond, which necessitates a simultaneous change in the conformation of the digallene from trans to cis. With the model systems studied herein, this step is found to take place instantaneously, but with bulkier aromatic substituents on the digallene, it is likely to involve a transition state akin to the second step on the pathway. In order to test the influence of the aromatic group on the digallene to the proposed mechanism, we modeled the [2 + 2 + 2] cycloaddition pathway for the reaction of two equivalents of ethylene (a) with a terphenyl substituted digallene 4, ArGaGaAr, Ar = C6H3-2,6-Ph2. As predicted, the calculations showed that the increased steric bulk does not have a significant impact on the energetics of the second addition step (G ‡ = 68 kJ mo1 -1 ; G = 84 kJ mo1 -1 ) but the first olefin addition was now found to proceed through a characterizable transition state. 
Diradical mechanism.
As an alternative to the concerted [2 + 2 + 2] cycloaddition pathway discussed above, we considered a stepwise radical addition for the addition of olefins (a-d) to the model digallenes (1 and 2) . Consequently, the singlet potential energy surfaces of the reaction intermediates were rescanned using the broken symmetry formalism which is capable of modeling singlet diradical species that have their radical sites at two different nuclei. 18 However, the calculations resulted in the diradical determinants (S 2 = 1) reverting to a closed shell potential energy surface as pure singlets (S 2 = 0) were in all cases found to be lower in energy. Furthermore, tests for internal instabilities in the Kohn-Sham determinants of all stationary points involved in the concerted pathway were negative, supporting the conclusion that the reactivity of the digallenes studied herein proceeds via two electron transfer steps or involves diradical character which is less than that observable at the DFT level of theory.
Addition of hydrogen to digallenes. Since it was shown by both experiment and theory that monomeric gallanediyls do not react readily with H2 (see above), we conducted a computational mechanistic study using the terphenyl substituted model digallene 4 as the reactive species. The investigation of the potential energy surface study was initiated by examining the reaction of one equivalent of H2 with 4. The results showed that the reaction is exergonic (G = -65 kJ mol -1 ) and proceeds through a transition state (G ‡ = 98 kJ mol -1 ) wherein the hydrogen molecule is significantly stretched (r(H-H) = 1.129 Å) and interacts with both of the gallium atoms in the digallene (see Figures 5 and 6) . A closer inspection of the key frontier molecular orbitals of the transition state reveals a synergistic donor-acceptor interaction: the first interaction is formed between the σ-type Ga-Ga LUMO of the digallene and the σ-type HOMO of H2 (Figure 5a, left) , whereas the second interaction takes place between the np-type lone-pair HOMO of the digallene and the σ*-type LUMO of H2 (Figure 5a , right) By following the transition state vector via an intrinsic reaction coordinate calculation, it was confirmed that this reaction step yields the 1,2-disubstituted digallene, Ar(H)GaGa(H)Ar, as the end product. It was observed that the 1,2-isomer can easily convert to the slightly less stable (G = 25 kJ mol -1 ) 1,1-isomer Ar(H)2GaGaAr via simple hydride transfer (G ‡ = 58 kJ mol -1 ; Figure 6 ). However, we were unable to identify any mechanism for the direct formation of the 1,1-isomer from the reaction of 4 with one equivalent of H2, which contrasts the reactivity observed for the related digermynes and distannynes that gave both isomers via two competitive pathways. 7 Since the addition of a second equivalent of H2 to the digallene can in principle involve either the 1,1-or 1,2-isomer, both of these possibilities were thoroughly examined through calculations. However, the 1,2-isomer is thermodynamically slightly favored over the 1,1-isomer, which suggests that it is likely to be the reactive species. Indeed, despite numerous attempts, no transition state could be identified for the reaction of the 1,1-isomer with a second equivalent of H2. In contrast, the 1,2-isomer reacts readily with H2 to give a transition state (G ‡ = 140 kJ mol -1 ) that leads to cleavage of the Ga-Ga bond and the formation of two molecules of gallium dihydride, ArGaH2, which interact and dimerize spontaneously and without energy barrier to form the experimentally characterized end product, the bridged species Ar(H)Ga(-H)2Ga(H)Ar (G = -21 kJ mol -1 ) . The reluctance of the 1,1-isomer Ar(H)2GaGaAr to react with an additional equivalent of H2 is in sharp contrast to the chemistry of the related digermynes Ar(H)2GeGeAr that were found to react exclusively through this intermediate. 7 However, it should be noted that there is a difference of two valence electrons between these compounds, which means that their frontier orbitals are necessarily different. Specifically, the germanium analogue has one lone pair of electrons at the two-coordinate germanium atom, which is not present in the digallene. Hence, the facile low-energy (G ‡ = 91 kJ mol -1 ) barrier calculated for the reaction of Ar(H)2GeGeAr with H2 can be understood in terms of synergistic orbital interactions. In contrast, there is no lone pair in the 1,1-isomer of the digallene, which means that the reaction proceeds via the 1,2-isomer Ar(H)GaGa(H)Ar.
Furthermore, since the transition state is in this case characterizable by only one donoracceptor interaction, the calculated activation energy for the second addition is necessarily slightly higher than the first (see Figure 6 ).
The final product from the reaction of digallenes with hydrogen is the bridged species
Ar(H)Ga(-H)2Ga(H)Ar whose bonding is analogous to that in the parent digallene, Ga2H6, and can be considered to involve two 3-center 2-electron bonds. Experimentally, only the trans-isomer has been characterized by X-ray crystallography. 12 Our calculations for the potential energy surface showed that, depending on the relative orientation of the second equivalent of H2 and the 1,2-isomer in the transition state, both cis-and trans- We showed earlier that the putative dialuminene Ar iPr 4 AlAlAr iPr 4 , when prepared without the presence of the alkyne, reacts with the solvent (toluene) to yield a cycloaddition product whose structure has been unequivocally confirmed by X-ray crystallography. 25 The mechanism of this reaction was initially suggested to proceed in [2 + 2] manner, involving the electrons in the slipped -type orbital on the dialuminene. However, simple cycloadditions involving toluene are extremely rare. Furthermore, none of the heavier dimetallenes show any evidence of similar reactivity with toluene. In this respect, we have recently shown through high-level quantum chemical calculations that the ground states of dialuminenes are unique in the series as they have noticeable singlet diradical character. 11 Consequently, the reactivity of Ar iPr 4 AlAlAr iPr 4 with toluene can be explained by this route, as cycloaddition of photochemically generated singlet oxygen to conjugated arenes is well documented in the literature. 26 This prompted us to conduct preliminary calculations for the reactivity of the model dialuminene ArAlAlAr (5, Ar = C6H3-2,6-Me2), with one equivalent of simple olefins ethylene and propene.
The reaction of 5 with ethylene was found to be spontaneous and barrierless as was the case also for its gallium analogue. However, when using propene as the olefin, the reaction was found to proceed via a transition state with a dangling H3CC(H)C(H)2-moiety. Subsequent stability analysis showed that the Kohn-Sham determinant has a restricted-unrestricted instability (S 2 = 0.315), indicative of a broken symmetry, diradicaloid, ground state, which assigns unpaired spin density to the dicoordinate Al (1) center (-0.47) as well as to the Al (2) Hence, these results demonstrate that the reactivities of dialuminenes are more complex than that of the corresponding digallenes and they are also more likely to involve open shell, radical-type, mechanisms. Similarly, we showed experimentally that the gallanediyl monomer does not readily react with H2 under ambient conditions. The formation ArGaH2 species was calculated to be thermodynamically favored; the lack of reactivity under ambient conditions can be justified by the calculation of an activation energy of almost 200 kJ mol -1 for this transformation.
Investigation of the mechanism of the formation of the observed product in the reaction of digallene with excess H2 indicated that this reaction likely proceeds by initial reaction of a first equivalent of H2 with digallene in a 1,2-fashion (formation of the 1,1-dihyride by isomerization is possible, though it is a dead-end pathway). This is followed by reaction with a second equivalent of H2 (again in a 1,2 fashion) to form a species that undergoes Ga-Ga bond scission to give a short-lived ArGaH2 intermediate. Reassociation of the monomeric ArGaH2 fragments leads to the observed thermodynamically favored product, Ar(H)Ga(-H)2Ga(H)Ar.
Initial calculations of the reaction of a dialuminene with propene showed that, in contrast to the digallenes, it proceeds by an open-shell diradicaloid intermediate, consistent with the higher singlet diradical character of the aluminum derivative.
